Abstract. Incoherent photoproduction of η-mesons on the deuteron is considered. The main attention is paid to the region above the S11(1535)-resonance where a rather narrow resonance-like structure in the total cross-section extracted for γn → ηn has been reported. The corresponding experimental results are analyzed from the phenomenological standpoint within the model containing a baryon P11 with a mass of about 1670 MeV and a width less than 30 MeV. This resonance was suggested in some recent works as a nonstrange member of the pentaquark antidecuplet with J P = 1/2 + . The calculation is also performed for the polarized and unpolarized angular distributions of η-mesons. In addition, we present our predictions for the cross-sections of the neutral kaons and double pion photoproduction, where the same narrow P11(1670)-resonance is assumed to contribute through the decay into K 0 Λ and π∆ configuration.
Introduction
During recent years there has been a considerable improvement of experimental and theoretical results for the production of η-mesons above the S 11 (1535)-resonance region. Extensive and accurate data were obtained for the reaction γp → ηp and to a lesser extent for γd → ηnp. Furthermore, an amount of data is now available for η photoproduction on quasifree protons and neutrons, where the knocked-out nucleons are detected in coincidence with η-mesons. The energy region of special interest corresponds to the excitation of the nucleon-like resonance identified in the Particle Data Group listing as P 11 (1710) and marked there by three stars. The first question with respect to this particle concerns its status. This resonance clearly seen by several partial-wave analysis (PWA) groups, e.g. [1], was not found in the GWU πN analysis [2, 3] . Another aspect is related to the distinct role of P 11 (1710) in the physics of pentaquarks. This state was assumed in [4] to be a nonstrange member of the antidecuplet representation (10) of the pentaquark multiplet. This assumption was then used to scale the masses of 10 members, and thus was the most crucial input for further search of Θ + , the a Present address: Laboratory of Mathematical Physics, Tomsk Polytechnic University, 634034 Tomsk, Russia; e-mail: fix@mph.phtd.tpu.edu.ru S = +1 member of this baryon group. At the same time, as it is discussed in [5] in this case a question arises, how to reconcile a small width of Θ + (less than 1 MeV according to the estimations noted in [5] ) with rather broad structure of its presumable nonstrange partner P 11 (1710) (on average 100 MeV according to PDG [6] ). As is emphasized in [5] , this principal difference seems to contradict an expectation that the widths of particles entering the same multiplet should be comparable. Another problem with P 11 (1710) as a member of 10 is its too large mass. It is about 30 MeV larger than the value required by the GellMann-Okubo rule [7] , if one takes for the mass of Ξ −− 3/2 , the heaviest member of 10, the value 1862 MeV reported in [8] .
To resolve the discrepancy, it was suggested in refs. [5, 7] that another P 11 state has to be put on the place of a nonstrange 10 member. Like the P 11 (1710) this new state was assumed to be highly inelastic with the main nonstrange decay modes ηN and π∆. But contrary to P 11 (1710) it should have a smaller decay width Γ P11 ≤ 10 MeV and a lower mass M ≈ 1670 MeV. A PWA analysis of πN [5] , modified in such a way that it becomes more sensitive to baryons with smaller widths has shown that there are narrow regions in the baryon spectrum around 1680 and 1730 MeV where exotic states might exist.
It is also important that P 11 being the member of the multiplet 10 should be photoproduced mostly on a neutron 312 The European Physical Journal A rather than on a proton. As shown in [9] , in the limit of the exact flavor SU (3) symmetry the electromagnetic decay of the proton-like P 11 state is totally forbidden. This fact can easily be demonstrated using the U -spin conception. Indeed, since the photon is a U -scalar, the electromagnetic interaction can only couple the P 11 and the nucleon states with the same U -spin. According to the well-known SU (3) structure of the 1/2 + octet the proton and the neutron belong, respectively, to the U -spin doublet (U = 1/2) and the triplet (U = 1). At the same time, the P 11 state with the charge +1 is a member of the of U -spin quartet (U = 3/2) whereas the neutral state enters the triplet (U = 1). Thus U -spin conservation allows only the decay P 11 → γn. As discussed in [9] (see also [10] ), the SU (3) symmetry breaking as well as mixing of 10 with the octet family should result in the nontrivial ratio of the γp to the γn mode in the P 11 decay, running up to 1/9.
From the considerations above it is clear that a natural way to verify the theory of 10 is to look for a narrow structure in the energy dependence of the total cross-section for photoproduction of η and other light mesons on neutrons. First steps in this direction were made in the experimental works of GRAAL [11] , CB-ELSA [12, 13] , and LNS-Tohoku [14] where the cross-section for γn → ηn was extracted from the reaction on the deuteron. The preliminary data really seem to exhibit a peak around E γ = 1 GeV what roughly corresponds to the γN invariant mass W = 1670 MeV, if one assumes the initial neutron to be at rest in the target.
The question about the nature of the observed peak was already touched upon on the phenomenological basis in [11, 10, 15] . The present paper is partially intended to provide a calculation of the reaction γd → ηnp that would not suffer from different uncertainties, like the oversimplified treatment of the Fermi motion and final-state interactions. Moreover, we present results for some polarization observables of this reaction in order to study their sensitivity to the possible contribution of a narrow P 11 state.
Another point related to the P 11 problem has a more practical aspect. It deals with the ratio σ n /σ p of the neutron to the proton cross-section for η photoproduction around the lab photon energy 1020 MeV. This ratio measured for quasifree nucleons in [12,13] exhibits a clear resonance behavior with the width about 100 MeV. A natural explanation of this phenomenon would be the existence of a baryon resonance which is predominantly excited on a neutron. In the η-MAID model [16] this feature is assigned to D 15 (1675). The results of η-MAID2001 for σ n /σ p give quite a good account of the data [12, 13] . However the problem with η-MAID2001 is that the ηN decay width Γ ηN ≈ 0.17 Γ tot needed to fit the data for γp → ηp is an order of magnitude larger than the value suggested by the PDG listing (less than 1% of Γ tot ) and visibly exceeds the boundaries given by the SU (3) analysis (about 3% of Γ tot ) [17, 18] . The latter discrepancy is especially unsatisfactory inasmuch as the D 15 (1675) state is a member of a well-established baryon octet with branchings determined by the broken SU (3) symmetry. This inconsistency was already discussed in [19] . It would therefore be interesting to see whether an inclusion of a hypothetic narrow P 11 (1670) baryon into the production amplitude instead of a too strong D 15 (1675) could provide a reasonable explanation of the structure seen in σ n /σ p . Although the nucleon-like member of 10 is assumed to be very narrow, the effect of broadening needed to fit the data might be due to Fermi motion in the deuteron.
In addition to the previous works where only the ηN channel was explored, we also pay some attention to kaon and double pion photoproduction. According to the results of [5] there is a nonvanishing probability for the exotic P 11 to decay into KΛ and π∆ states. For instance, the π∆ mode was estimated in [5] on the level of 30%. If the members of 10 are predominantly excited on a neutron, it is clear that from the experimental point of view, the easiest way to investigate the P 11 → π∆ transition is to measure the reaction γd → π − π 0 pp. The other channels will contain strong proton contributions, and like in the η case this will lead to the necessity to single out the neutron reaction. So far in the region around E γ = 1 GeV only one measurement of γd → π − π 0 pp was reported in [20] , which furthermore has very large experimental uncertainties. Here we present our results for the corresponding total cross-sections, where the role of P 11 (1670) in ππ and kaon photoproduction can be seen.
In sect. 2 we outline the model used for our calculation of γd → ηnp and show our results for different channels and observables in sect. 3. In sect. 4 we close with a summary and conclusions.
Formalism
In this section we briefly review the formal ingredients of the quasifree η photoproduction on the deuteron
Taking as independent variables the 3-momentum of the proton p p in the deuteron lab frame and the spherical angle Ω q * of the η-meson momentum q * in the ηn c.m. frame, one obtains for the unpolarized cross-section dσ dp p dΩ q * = 1 6 K
where the phase space factor reads
In eq. (3) ω γ and E p are the photon and the proton energies in the lab frame and M N and W ηn are the nucleon mass and the ηn invariant energy. The final state is determined by total spin (sm s ) of the N N system. The index λ denotes the photon polarization and (1m d ) stands for the deuteron spin. As for the polarization observables, we considered only the asymmetries having counterparts in the elementary reaction γN → ηN . Namely, we took the linear beam
